Objective: Delayed ischemic neurological deficit (DIND) contributes to poor outcome in subarachnoid hemorrhage (SAH) patients. Because there is continuing uncertainty as to whether proximal cerebral artery vasospasm is the only cause of DIND, other processes should be considered. A potential candidate is cortical spreading depolarization (CSD)-induced hypoxia. We hypothesized that recurrent CSDs influence cortical oxygen availability. Methods: Centers in the Cooperative Study of Brain Injury Depolarizations (COSBID) recruited 9 patients with severe SAH, who underwent open neurosurgery. We used simultaneous, colocalized recordings of electrocorticography and tissue oxygen pressure (p ti O 2 ) in human cerebral cortex. We screened for delayed cortical infarcts by using sequential brain imaging and investigated cerebral vasospasm by angiography or time-of-flight magnetic resonance imaging. Results: In a total recording time of 850 hours, 120 CSDs were found in 8 of 9 patients. Fifty-five CSDs (ϳ46%) were found in only 2 of 9 patients, who later developed DIND. Eighty-nine (ϳ75%) of all CSDs occurred between the 5th and 7th day after SAH, and 96 (80%) arose within temporal clusters of recurrent CSD. Clusters of CSD occurred simultaneously, with mainly biphasic CSD-associated p ti O 2 responses comprising a primary hypoxic and a secondary hyperoxic phase. The frequency of CSD correlated positively with the duration of the hypoxic phase and negatively with that of the hyperoxic phase. Hypoxic phases significantly increased stepwise within CSD clusters; particularly in DIND patients, biphasic p ti O 2 responses changed to monophasic p ti O 2 decreases within these clusters. Monophasic hypoxic p ti O 2 responses to CSD were found predominantly in DIND patients. Interpretation: We attribute these clinical p ti O 2 findings mainly to changes in local blood flow in the cortical microcirculation but also to augmented metabolism. Besides classical contributors like proximal cerebral vasospasm, CSD clusters may reduce O 2 supply and increase O 2 consumption, and thereby promote DIND.
C erebral vasospasm of large proximal arteries is regarded as the prime cause of delayed ischemic neurological deficit (DIND) after subarachnoid hemorrhage (SAH). It is, however, only 1 possible contributor to DIND. 1, 2 Thus, a search is required for alternative or additional mechanisms to explain delayed deterioration after SAH. 1, 3 DIND has recently been associated with cortical spreading depolarization (CSD), 4 a striking electrophysiological phenomenon that was originally described as "cortical spreading depression" by Leão in 1944. 5, 6 CSD is a self-propagating wave of neuronal and glial depolarization that has been extensively investigated in animals. 6 -8 A series of recent clinical studies using subdural electrocorticography (ECoG) filtered to include low frequencies provides direct and unequivocal electrophysiological evidence for the existence of CSDs in neurotrauma, 9 malignant middle cerebral artery infarction, 10 and SAH. 4 These studies suggest that CSD may be a general phenomenon leading to secondary deterioration in various clinical entities.
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CSD waves are accompanied by propagating failure of brain ion homeostasis resulting in an interruption of cortical function. 7 Under physiological conditions, the brain is able fully to recover from the metabolic challenge of reestablishing ion homeostasis during the repolarization phase of CSD without measurable tissue damage. 12 This ability is mainly achieved by a compensatory vasodilatory response coupled to CSD. In contrast, recurrent CSDs emerging spontaneously in metabolically compromised tissue, such as in the ischemic penumbra (in this situation termed peri-infarct depolarizations, [PIDs]) 13 or after SAH, 4 irreversibly damage brain tissue at risk and thereby may lead to lesion growth. 10, 14, 15 Animal experiments have suggested that, under such conditions of impaired metabolic status, the vasodilatory response to CSD switches from a compensatory vasodilatory response to an inverse, vasoconstrictive neurovascular coupling, resulting in cortical spreading ischemia (CSI). 16 -19 In a rat model, it has been hypothesized that, in principle, CSD activates both vasoconstriction and vasodilatation in a biphasic fashion, the ratio between the 2 being shifted toward vasoconstriction by ischemic/hypoxic tissue conditions. 20 Recently, combined recordings of regional cerebral blood flow (CBF) and ECoG using subdural optoelectrode strips have provided evidence that delayed ischemic stroke is associated with CSI in patients with SAH. 15 To our knowledge, this is the first detailed report of continuously corecorded tissue oxygen pressure (p ti O 2 ) and CSD in human cerebral cortex. We hypothesized that CSDs, in particular if they occur in temporal clusters, reduce cortical oxygen availability.
Materials and Methods
The study was designed and performed as a substudy within the Cooperative Study of Brain Injury Depolarizations (COSBID) study group. Patients or their relatives gave written consent for study inclusion. The study was approved by the local ethics committees of the Universities of Cologne and Mannheim/Heidelberg. At these centers, 9 patients with acute SAH due to spontaneous rupture of an intracranial aneurysm were studied, where imaging 21 and clinical 4, 22, 23 characteristics indicated a high risk of DIND development. Patients were treated according to German guidelines for aneurysmal SAH (Association of the Scientific Medical Societies in Germany; see www.AWM-F.org). If a low level of consciousness required it, patients were ventilated and sedated using midazolam ϩ fentanyl/sufentanil (n ϭ 8). Patient 3 was partly ventilated and sedated, and breathed spontaneously in the later part of the monitoring. When craniotomy was required either for aneurysm clipping, or for intracranial hemorrhage evacuation in patients in whom the aneurysm was coiled, electrode and p ti O 2 probe implantations were performed before closure of the craniotomy, for later recording of these variables.
Implantation of ECoG Strip Electrodes and p ti O 2 Probes
The ECoG strip electrode (Ad-Tech Medical, Racine, WI) was placed on the cerebral cortex as reported previously (Fig 1) . 4 In addition, a Clark-type probe for p ti O 2 monitoring (Licox CC1-SB, Integra Neurosciences, Andover, UK) was inserted in the cerebral cortex. The 0.5mm thin probe was placed adjacent to the ECoG strip (Յ8mm) between the single electrodes (see Fig  1D, L) . It samples a tissue compartment of 7.1 to 15mm 2 .
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Neither bleeding nor infection was seen associated with placement or removal of either the ECoG electrode strip or the p ti O 2 probe.
Electrocorticography and Data Analysis
The subdural ECoG was recorded and analyzed following a standardized COSBID protocol (see Supplementary Patients and Methods online for brief description). 4, 9, 10 Figure 2A shows an original ECoG recording. We distinguished between single CSDs (interval between 2 CSDs Ն2 hours) and those that occurred repetitively within clusters with rather short intervals between consecutive CSDs (Ͻ2 hours) and with only small variations in interval length (Ͻ10%) in individual CSD clusters. We further differentiated between the 1st, 2nd, 3rd, and 4th or later CSD positions within the cluster.
Brain Tissue Oxygen Partial Pressure Monitoring and Data Analyses
p ti O 2 was continuously quantified in the cortical tissue that was overlaid by the 6-contact-ECoG strip electrodes (compare Fig.  3) . Because of the spatial distance between ECoG electrode and p ti O 2 probe (Յ8mm), p ti O 2 changes were accepted as coregistrations in a small range of Յ6 minutes around time points of CSD appearance. Such spatial distance may lead to a small time-displacement of the coregistration. We considered p ti O 2 changes as significant p ti O 2 responses if a rapid (Յ 120 seconds) p ti O 2 deviation from the baseline (ՆϮ2mmHg) was detected.
Because p ti O 2 is closely correlated with local CBF, 15, 24, 25 we classified the p ti O 2 alterations (Fig 4A) according to classifications used for CBF responses to CSDs: monophasic increases, biphasic alterations with an initial decrease and a secondary increase, and monophasic decreases. 19 CSD-associated p ti O 2 response analysis was also performed using the matching ECoG event criteria with differentiation between the 1st, 2nd, 3rd, and 4th or later temporal rank of the p ti O 2 response within the cluster. Because not all SAH patients revealed clusters with such numerous CSD repetitions (Ն4), in addition, we separately scrutinized patients with long clusters.
As elements of the CSD-associated p ti O 2 response (see Fig  2B) , we determined the preresponse p ti O 2 baseline, the minimum and the duration of the p ti O 2 decrease, and the maximum and the duration of the p ti O 2 increase. We analyzed the curve integrals expressed as arbitrary units (aU) of hypoxic (INT hypo ) and hyperoxic (INT hyper ) p ti O 2 responses, and assessed the portions from start at baseline to minimum as descent integral (descINT hypo ) and to maximum as ascent integral (ascINT hyper ), respectively. The latter parameter was chosen because the time needed for return to baseline was quite variable, in particular after reaching the secondary maxima.
Digital Subtraction Angiography and Time-ofFlight Magnet Resonance Imaging
In 7 of 9 patients, we had the logistic possibilities to investigate proximal vasospasm by performing digital subtraction (DS) angiography or time-of-flight magnetic resonance imaging (MRI) on the 6th to 9th day after SAH.
General Intensive Care Unit Monitoring
See Supplementary Patients and Methods online.
Statistical Analysis
Results are expressed (if not otherwise stated) as median (1st, 3rd quartile); when necessary, ranges are also given. For nonparametric comparison between variables of ECoG and/or p ti O 2 findings, the Friedman test of k dependent variables and/or the Wilcoxon test of 2 dependent variables were used. Correlation analyses were performed according to Spearman. p Ͻ 0.05 was chosen as the significance level. Statistical analyses were performed using SPSS for Windows (SPSS, Surrey, UK). 
Results

Patients Characteristics
A summary of patients' clinical data is given in the Table. Two patients developed DIND, and 7 did not. All 7 patients undergoing DS angiography or time of flight MRI showed mild, moderate, or severe proximal vasospasm. In 
Electrocorticogram
The total ECoG recording time in all patients amounted to 850 hours, with a median recording time of 144 (82, 184) hours in individual patients. We found a total of 120 CSD events in 8 of 9 patients (ϳ89%). Fifty-five of the 120 CSDs (ϳ46%) were found in the only 2 patients developing DIND, whereas a comparable number of only 65 CSDs (54%) were found in 7 SAH patients without delayed ischemia. In Patient 4, we were not able to detect CSDs, possibly because of a suboptimal strip electrode placement. Figure 2 shows an illustrative episode of a 4-channel (A-D) ECoG recording derived from bipolar recordings between successive neighboring electrodes 2 to 6 on the strip. The consecutive suppression in the high-pass filtered ECoG demonstrates the propagation of the CSD wave from channel B to D (arrows), whereas on channel A (recorded between electrodes 2 and 3), only minimal activity is left, indicating that electrodes 1 and perhaps 2 were positioned above already injured and therefore depolarized tissue. ECoG integral and power (see Fig 2A, lower panels) were calculated, to optimize the determination of starting and endpoints and thereby velocity and duration of CSD waves. The propagation velocity of CSDs along the electrode strip was 2.20 (1.34, 3.03) mm/min. CSD duration varied from 1 to 24 minutes, the median duration being 7:46 (4:31, 12:30) minutes:seconds. Approximately 75% of all CSDs occurred between the 5th and 7th day after SAH (see Fig 2C) . We identified in individual patients a median number of 16 (9, 18) CSDs in total and of 5 (0, 7) CSDs per day, thus documenting No. ϭ patient number; Age ϭ patient age in years; Gender ϭ patient gender; Side ϭ hemispheric location of ruptured aneurysm; Aneurysm ϭ vascular localization of ruptured aneurysm; HuntϩHess ϭ initial neurological status according to Hunt and Hess; GCS ϭ Glasgow Coma Scale; WFNS ϭ initial neurological status on the World Federation of Neurological Surgeons scale; Fisher ϭ computed tomography morphological classification of subarachnoid hemorrhage according to Fisher; IVH ϭ additional occurrence of intraventricular hemorrhage; ICH ϭ additional occurrence of intracranial (parenchymal) hemorrhage; Max BFV ϭ maximal value of mean blood flow velocity in transcranial Doppler sonography (cm/s); DIND ϭ delayed ischemic neurological deficits, eGOS ϭ extended Glasgow Outcome Scale 3 months after subarachnoid hemorrhage; PcomA ϭ posterior communicating artery; MCA ϭ medial cerebral artery; AcomA ϭ anterior communicating artery; ICA ϭ internal carotid artery. Fig. 4C,D) . Fig 5D) were significantly augmented (n ϭ 5, p ϭ 0.011) within clusters, whereas secondary hyperoxic phases (ascINT hyper , see Fig  5E) did not show significant alterations. The ratio between primary hypoxic and secondary hyperoxic phases (analyzed as their respective subareas: descINT hypo /ascINT hyper ) also showed significant increases in successive events within clusters (n ϭ 5, p ϭ 0.041). (Fig. 5C) , the hypoxic phase increased considerably, and secondary hyperoxia was completely absent.
Influence of Number and Frequency of CSDs
Discussion
Our study provides a unique insight into disturbed oxygen availability to the SAH-injured human cerebral cortex in association with CSD occurrence. Initially, the cortex is not too seriously affected, but it may later develop cortical microcirculatory vasospasm and increased O 2 consumption as responses to spontaneous CSD clusters. It would now appear that delayed ischemic neurological deterioration may result not only from major proximal arterial vasospasm, but in addition from CSD clusters that in particular contribute to delayed ischemia by causing subtle but noticeable stepwise alterations toward hypoxic tissue conditions. In consequence, CSD clusters may play a crucial role in the development of delayed ischemia after SAH, 4, 15, 26 possibly in synergy with other mechanisms known to affect SAH-injured tissue, such as inflammation, blood-brain barrier disruption with edema formation and resulting mass effects, and endothelial dysfunction and thromboembolism. 1, 27, 28 Thus the demonstration that CSD clusters occur and can reduce brain p ti O 2 may go some way toward explaining the variable association of delayed ischemia with proximal arterial vasospasm, 29 and the existence of such a dual mechanism of delayed ischemia. 4, 15, 16 We detected CSD-associated p ti O 2 alterations in Ͼ53% of CSDs despite an electrode to p ti O 2 probe distance of Յ8mm and despite the fact that the effective cortical area sampled by an ECoG electrode records amounts to ϳ250mm 2 , whereas the p ti O 2 probe analyzes only an area of ϳ7.1 to 15mm 2 , comprising both cortical and subcortical tissue. 24 In individual patients, we found an incidence of CSD-p ti O 2 associations of up to 90%, demonstrating that CSD-associated p ti O 2 changes are common and therefore a relevant pathophysiological factor in cortical tissue of SAH patients. Moreover, it gives . The 1st p ti O 2 response was biphasic, the 2nd and 3rd showed stepwise augmentation of primary hypoxic phases of the p ti O 2 responses with subsequent small or almost nonexisting secondary hyperoxic phases, and the 4th showed a drastically enlarged hypoxic phase. Please note that particularly in the 4th p ti O 2 response, the baseline level was not restored. This example shows an immediate transition from a biphasic to a monophasic decrease pattern of the p ti O 2 response and may therefore reveal a change from normal to inverse neurovascular coupling and/or increased oxygen consumption, with the likelihood of secondary cortical ischemia after SAH. (B) The second example (taken from Patient 2, 7 days after SAH) of 4 repetitive CSD-associated p ti O 2 responses within a cluster (arrows, see above). The primary hypoxic phases were stepwise slightly enlarged beginning with the 1st, then the 2nd, 3rd, and 4th response; however, a similar extension was seen in the secondary hyperoxic phases. In this example, all p ti O 2 responses were biphasic in nature, and the p ti O 2 baseline level was subsequently reestablished or even slightly exceeded, possibly representing normal (compensatory hyperemic) neurovascular coupling and/or simply transiently increased oxygen consumption not leading to ischemic transformation after SAH. (C) Examples of 2 CSD-associated p ti O 2 responses with a rapid sequence of CSDs. Note that the period from 1st to 2nd CSD lasts only ϳ12 minutes. The first p ti O 2 response showed a biphasic pattern with a small hypoxic and a relatively large secondary hyperoxic phase, whereas the 2nd response revealed a deeper and prolonged hypoxic phase without a secondary hyperoxic phase, that is, a monophasic decrease of p ti O 2 . This example demonstrates a rapid transition from biphasic to monophasic decreasing p ti O 2 pattern, perhaps due to the very small period between 2 repetitive CSDs. 5 and recent clinical studies. 4, 9, 10 The rate of CSD initiation peaked at days 5 to 7
after SAH (see Fig 2C) , suggesting a possible role of CSD in DIND development, which has been reported to occur within approximately the same time frame. 1, 23 Other pathophysiological mechanisms develop earlier 1, 30 or at more or less unpredictable time points after SAH. 1 Because 89% of CSDs arose within clusters in DIND patients, and because clusters altered p ti O 2 responses in particular, we consider that these clusters may also play a role in DIND evolution. In contrast, single CSDs may be less harmful. 12 The high incidence of CSD clusters in our severe SAH patients is comparable with other conditions requiring neurocritical care and exhibiting secondary ischemic deterioration, such as malignant hemispheric stroke.
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How might CSD clusters contribute to secondary injury progression after SAH? Experimental and clinical evidence demonstrates that CSD does not invariably induce compensatory vasodilatation (normal neurovascular coupling, as is known for physiological perfusion conditions), but can instead induce vasoconstriction (inverse coupling) if tissue conditions are unfavorable. 5, 15, 16, 31, 32 In an SAH model, 16 it was shown initially that inverse neurovascular coupling led to widespread focal infarcts. Inverse coupling was likewise found during hypoxia or systemic hypotension, and in the boundary zones of focal ischemia after middle cerebral artery occlusion. 18 -20 It is well known that p ti O 2 is mostly linked to regional CBF. 15, 24, 25, 33, 34 The variable p ti O 2 responses found in our SAH patients (see Fig 2A, C) resemble the patterns of CBF responses coupled to CSD/PID described in animals. 16, 19, 20 Most of the p ti O 2 responses examined were biphasic in nature (see Fig 2C) , resembling biphasic CBF response patterns in boundary zones of ischemic foci 19, 32, 35 ; hence, we infer that our recordings were performed largely in metabolically disturbed but not yet severely injured tissue compartments. Monophasic hypoxic episodes indicate altered or missing secondary, compensatory hyperoxic phases, worsening in vascular reactivity, and thus deterioration of tissue conditions. ] i accumulation and promote microvascular spasm and NO resistance. 38 Other putative mechanisms may include activation of matrix metalloproteinase-9 followed by dysfunction of the neurovascular unit. 39 As a mechanistic explanation for DIND, CSI has recently attracted interest. Because in our study hypoxic portions of the CSDassociated p ti O 2 response increased, and hyperoxic portions decreased or were completely absent after recurrent CSDs (see Fig 5) , we assume that a rapid sequence of CSDs generates a vulnerable phase that potentiates hy-poxic tissue conditions. Moreover, further studies are necessary to understand the complexity of delayed ischemia after SAH and the role of CSD clusters for this complication. 15, 16, 19, 35 It is obvious that recordings at only 1 location are suboptimal regarding a comprehensive analysis of the surroundings of injuries, and multiple site p ti O 2 measurements would therefore be favorable but difficult to perform. A further limitation of the study is the lack of adequate and frequent imaging techniques like MRI (perfusion-weighted imaging, diffusion-weighted imaging) for the possible detection of spreading ischemia as shown in our examples. Logistic reasons and intensive care made this management impossible in some patients of our study. The COSBID plans a multicenter study that aims at following such sequential imaging protocol in all patients. In this study, we also aim to test intrinsic neurovascular function and the capacity for local cerebrovascular autoregulation and oxygen reactivity, 1 because these factors may be of relevance for the biphasic p ti O 2 cycle.
In conclusion, CSDs may impair microvascular function and O 2 availability, likely with increased O 2 consumption, in human cerebral cortex after SAH, especially if they occur in clusters. Our results indicate that this is related to secondary hypoxic transformation and the likelihood of DIND. The correspondence of experimental and clinical data suggests that we can now cautiously translate the well-known impact of depolarizations on pathophysiological outcome in experimental models into the clinical situation. Considering the importance for outcome of secondary deterioration in SAH, CSD may represent a promising target for therapeutic intervention to improve poor outcome and mortality after SAH.
